for the SWISS, ISGS, and MSGD Investigators* Background and Purpose-Genetic factors influence risk for ischemic stroke and likely do so at multiple steps in the pathogenic process. Variants in genes related to inflammation contribute to risk of stroke. The purpose of this study was to confirm our earlier finding of an association between allele 2 of a variable number tandem repeat of the IL-1 receptor antagonist gene (IL1RN) and cerebrovascular disease. Methods-An association study of the variable number tandem repeat genotype with ischemic stroke and stroke subtypes was performed on samples from a North American study of affected sibling pairs concordant for ischemic stroke and 2 North American cohorts of prospectively ascertained ischemic stroke cases and unrelated controls. DNA analysis was performed on cases and controls, stratified by race. Results-After adjustment for age, sex, and stroke risk factors, the odds ratio for association of allele 2 and ischemic stroke was 2.80 (95% confidence interval, 1.29 to 6.11; Pϭ0.03) for the white participants. The effect of allele 2 of IL1RN on stroke risk most closely fits a recessive genetic model (Pϭ0.009). For the smaller sample of nonwhite participants, the results were not significant. Conclusions-Allele 2 of IL1RN, present in nearly one-quarter of stroke patients, may contribute to genetic risk for ischemic stroke and confirm the previously identified association with cerebrovascular disease. These results are driven by the association in the white participants. Further exploration in a larger nonwhite sample is warranted.
G enetic determinants of ischemic stroke risk have not yet been fully characterized. Ischemic stroke is undoubtedly an oligogenic (genes of large and small effect on risk) and multifactorial (genetic and environmental effects) disease. Genes coding for inflammatory mediators hold promise as candidates for determining risk for both cerebrovascular atherosclerosis and ischemic stroke. 1, 2 IL-1 receptor antagonist (IL-1ra) is a counter-inflammatory cytokine implicated in a number of inflammatory diseases, including atherosclerosis. The IL-1ra gene (IL1RN) contains an 86-basepair variable number tandem repeat (VNTR) polymorphism in intron 2. 3 Allele 2 of that polymorphism (IL1RN*2) is the shortest of the 5 alleles, with only 2 repeats. Carriage of IL1RN*2 is increased in carotid atherosclerosis, 4 and an IL1RN point mutation that is in strong linkage disequilibrium with this VNTR polymorphism has been reported in association with carotid wall thickness in a cohort of black patients. 5 Similar data support an association of IL1RN*2 with coronary atherosclerosis. 6, 7 Animal and cell culture data suggest a biological effect of this genetic variant that is plausibly linked to vascular disease through unchecked inflammation. IL-1ra has been found to be downregulated in microarray analyses of endothelial cells under continuous shear stress, which mimics conditions in atherosclerosis-resistant long straight segments. 8 Human endothelial cells from homozygotes for IL1RN*2 have 2-to 3-fold lower IL-1ra production than homozygotes for IL1RN*1, with heterozygotes producing an intermediate level. 9 Laboratory analyses of endothelial cells from individuals homozygous for allele 2 show lower IL-1ra production and a shorter time for cell division compared with those from allele 1 homozygotes. Treating with exogenous IL-1ra slows division to the wild-type rate. 10 Knockout mice lacking IL-1ra develop lethal inflammatory vascular lesions; hemizygous mice develop fibrotic lesions at vascular branch points 11 and have excessive neointimal formation and inflammation after injury. 12 IL-1ra depletion increases foam cell burden, whereas overexpression suppresses atherosclerosis in susceptible mice. 13 Pigs subjected to vessel wall injury and then treated with exogenous IL-1ra have a marked reduction in neointimal formation compared with untreated animals. 14 In an earlier case-control study, we identified an association between carotid atherosclerosis and allele 2, the short variant of the VNTR polymorphism of IL1RN. 4 In that study, carriers of allele 2 had Ͼ13-fold increase in the risk of carotid disease (adjusted odds ratio [OR], 13.78; 95% confidence interval [CI], 1.94 to 97.9) after adjusting for stroke risk factors; however, there was no significant association between IL1RN*2 and cerebrovascular symptoms. In the current analysis, we sought to replicate and expand on these earlier findings by determining whether the IL1RN genotype is associated with ischemic stroke risk or symptomatic large vessel atherosclerosis using samples from 3 independent sources.
Materials and Methods
Two multicenter stroke genetics studies and a single-center stroke genetics database were the source of the DNA samples used in this study. Institutional review board approval was obtained at all participating institutions. In addition, the current analysis was reviewed and approved by the University of Virginia Human Investigations Committee. In all instances, subjects were enrolled after they or their surrogate provided written informed consent. The 2 larger studies used the Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria for stroke subtyping, blinded to genotypic information. 15 
Ischemic Stroke Genetics Study
The Ischemic Stroke Genetics Study (ISGS), an ongoing 5-center, case-control study of first-ever ischemic stroke that began enrolling in December 2002, was designed to investigate candidate genes from the thrombosis and hemostasis cascade. Details of the protocol have been published elsewhere. 16 Potential case subjects are invited to participate in ISGS if they have had a stroke radiologically confirmed to be ischemic within the preceding 30 days and have no history of ischemic stroke. Subjects with iatrogenic stroke and stroke caused by septic embolism, vasospasm, or certain monogenetic disorders are excluded. Controls are concurrently enrolled and individually matched for age, sex, and recruitment center. Once eligibility is confirmed, blood samples are obtained for DNA extraction, analysis, and storage.
Mayo Stroke Genetics Database
The Mayo Stroke Genetics Database (MSGD) was derived from 50 cases and 50 unrelated controls prospectively enrolled at Mayo Clinic and St. Luke's Hospital, Jacksonville, Florida, from November 15, 2000 to November 2, 2001 . MSGD established the feasibility of ISGS. The inclusion and exclusion criteria for cases and controls matched those of ISGS with the exception that MSGD allowed recurrent stroke for entry. Age-and sex-matched controls were concurrently enrolled with cases at each site. The MSGD was developed with approval from the Mayo Foundation Institutional Review Board.
Siblings With Ischemic Stroke Study
The Siblings With Ischemic Stroke Study (SWISS), a multicenter family study, was designed to identify genetic risk factors through a genome-wide linkage screen in sibling pairs concordant and discordant for ischemic stroke. Details of the protocol have been previously published. 17 SWISS comprised 49 enrolling centers across the United States and Canada. Potential probands were invited to participate in SWISS if they had a stroke radiologically confirmed to be ischemic and reported having at least 1 living sibling with a history of ischemic stroke. Once concordance was verified by medical record review, blood samples were obtained from proband, concordant sibling, and, if applicable, discordant sibling, for DNA extraction, analysis, and storage.
Molecular Genetic Analyses
Immortalized lymphoblastoid cell line creation and DNA extraction were performed at Coriell Institute for Medical Research (Camden, New Jersey) using methods described elsewhere. 16, 17 Briefly, DNA samples were delivered to the Laboratory of Neurogenetics of the National Institute on Aging, where all genetic analyses were performed. All samples were analyzed blinded to clinical status. Polymerase chain reaction amplification was performed on Ϸ25 ng of genomic DNA with 10 pmol of forward (ACTCATGGCCTTGTTCATT) and reverse (AAAACTAAAATCCCGAGGTC) primers, according to manufacturer's specifications (Thermo-Start PCR Master Mix, ABgene). Polymerase chain reaction products were run on a 2% agarose gel. Allele calling for the 86-basepair VNTR of IL1RN was based on sample migration on the gel versus a 100-basepair ladder. Data were dually and independently entered for quality assurance.
Quality control was performed on the entire batch of 886 samples, including samples from the 145 affected and unaffected siblings not used for the genetic analyses. Every plate had negative controls, and the call rate for negative controls was 100%. Replicates were both concurrent and sequential. The sample plates are designed with 148 samples, where multiple wells were filled with the same DNA as concurrent replicates. An additional 157 samples were randomly chosen for replicate analysis. A total of 389 samples (44% of total) were run more than once. Ninety-one percent (802/886) yielded usable results on the first run. The 84 samples that did not yield usable results on the first run were rerun a minimum of 2 times. The majority of these yielded replicated results immediately (2 additional runs). However, for a small number, including the 3 samples that never yielded usable results, we returned to the master plate and reamplified the DNA. A single pair of genotyping errors was found in the concurrent replicates. These were subsequently identified as a known mislabeling of wells on the master plate. All results were consistent when the wells were correctly labeled. Only 3 samples failed to yield results; thus, genotyping success was 99.7%.
Statistical Methods
To describe the study group, categorical data were reported as frequencies and percentages, and continuous data were reported as means with standard deviations. A 2-sample test for binomial proportions between cases and controls was reported using a 2 test of independence. The Fisher exact test was used where appropriate. A 2-sample t test for independent samples was used to compare age among groups.
Although the distribution of genotypes is similar within all 3 studies, there are significant differences by race. Therefore, all analyses were performed stratified by race (white/nonwhite) to minimize population stratification.
Results were examined for Hardy-Weinberg equilibrium assumptions using the methods described by Wigginton et al. 18 Association analyses were performed to estimate ORs for the IL1RN VNTR polymorphism with case-control status. Genotype frequencies of IL1RN were compared by case-control and symptom status using contingency tables and logistic regression models. For the primary analysis, individuals with rare alleles (3, 4, and 5) were excluded from the analyses. Two secondary analyses were run including the rare alleles but pooling them with allele 1 and allele 2.
For the case-control data, a series of generalized estimating equations 19 was computed that included relevant covariates (age, sex, hypertension, atrial fibrillation, myocardial infarction, smoking status, diabetes mellitus, and family history of stroke). All modeling was performed in a hierarchical manner, with a baseline model that included only the single nucleotide polymorphism as the predictor. Additional models were tested with age and sex; further models were then tested by adding an individual stroke risk factor variable as a covariate. A final, fully saturated model that included stroke risk factors was also used. Probability values were computed using the 2 degree-of-freedom generalized test of association. A series of genetic models was tested (dominant, additive, recessive) for estimation of best fit for risk. Results were examined only when the generalized test reached statistical significance.
Differences in the distribution of IL1RN genotypes within cases according to TOAST subtype versus controls were determined using 2 tests. Comparisons were made for cases according to large vessel subtype for the index stroke and any evidence of large vessel cerebrovascular atherosclerotic disease, including history of carotid procedures.
Results
DNA from 328 cases and 213 controls from ISGS and 48 cases and 48 controls from MGSD were available; samples from 104 probands, 104 affected siblings, and 41 unaffected siblings from SWISS were available (Table 1) . Among those used for the case-control analyses, 158 (21.3%) of 741 subjects were nonwhite. Allele frequencies for the 3 study groups were 72.5% (allele 1), 24.9% (allele 2), 2.4% (allele 3), 0.28% (allele 4), and 0% (allele 5), which are findings consistent with other published estimates in North American populations. 20 The allelic and genotypic frequencies overall and stratified by race (Table 2) Including rare alleles and their genotypes did alter the results. For the white participants, grouping the rare alleles with IL1RN*1 increased the adjusted OR to 2.71 (95% CI, 1.23 to 5.98; Pϭ0.04); the general association strongly supported the recessive mode of inheritance (Pϭ0.01) of risk. When the rare alleles were grouped with IL1RN*2, the adjusted OR of 2.09 (95% CI, 1.02 to 4.28; Pϭ0.13) was no longer significant for general association. The recessive model of inheritance remained marginally significant (Pϭ0.05).
Prespecified subgroup analyses of the cases from ISGS and affected individuals from SWISS (MSGD did not include TOAST subtyping) were performed to compare genotypes and allele frequencies for those with large vessel atherosclerotic mechanism and controls among white and nonwhite participants. In the white cohort, the IL1RN 1/1 genotype was present in 38 (47.5%) of 80 subjects with large vessel atherosclerosis and 117 (47.4%) of 247 with other mechanisms. IL1RN 1/2 occurred in 31 (38.8%) of 80 with large vessel atherosclerosis and 91 (36.8%) of the 247 others. The frequency of IL1RN 2/2 was 8 (10.0%) of 80 with large vessel atherosclerosis, and 23 (9.3%) in the 247 others. The frequency of IL1RN genotypes containing at least one of the rare alleles (3, 4, or 5) was 3 (3.8%) of 80 with large vessel atherosclerosis, and 16 (6.5%) in the 247 others. Neither the genotype (Pϭ0.43) nor the allele (Pϭ0.27) frequencies for those with large vessel atherosclerotic mechanism differed from controls among white participants (Table 4) . When individuals with a documented history of carotid atherosclerosis were included (identified by history of carotid endarterectomy, angioplasty, or stent), the genotype and allele distributions were similar. Carriage of IL1RN*2 (having a genotype with at least 1 copy of allele 2) was observed in 39 of 80 subjects with large vessel atherosclerotic stroke compared with 90 of 208 controls (Pϭ0.62).
In the nonwhite cohort, the IL1RN 1/1 genotype was present in 12 (92.3%) of 13 subjects with large vessel atherosclerosis, and 72 (78.3%) of 92 with other mechanisms. IL1RN 1/2 occurred in 1 (7.7%) of 13 with large vessel atherosclerosis, and 13 (14.1%) of the 92 others. The frequency of IL1RN 2/2 was 0 (0.0%) of 13 with large vessel atherosclerosis, and 3 (3.3%) in the 92 others. The frequency of IL1RN genotypes containing at least one of the rare alleles (3, 4, or 5) was 0 (0.0%) of 13 with large vessel atherosclerosis, and 4 (4.3%) in the 92 others. Among nonwhite participants, the genotype frequencies for those with large vessel atherosclerotic mechanism did not differ from controls (Pϭ0.72). When individuals with a documented history of carotid atherosclerosis were included (identified by history of carotid endarterectomy or angioplasty and stent), the genotype distributions were similar. Carriage of IL1RN*2 was observed in 1 of 13 subjects with large vessel atherosclerotic stroke compared with 8 of 53 controls (Pϭ0.99).
Discussion
Our results indicate that variation within the IL1RN locus, previously implicated as a genetic risk factor for carotid atherosclerosis 4 and symptomatic coronary disease, 6 is associated with ischemic stroke risk in our white participants. Homozygotes for allele 2, the short variant of the VNTR polymorphism, appear to be at greater risk for ischemic stroke. Because of small sample numbers, the data on our nonwhite participants are inconclusive. The current study did not demonstrate a specific association with large vessel atherosclerosis as the mechanism of stroke.
Homozygous carriers of IL1RN*2 have been shown to have more prolonged and more intense inflammatory responses than those with other genotypes. 3 The complexity of cytokine interactions and genetic regulatory mechanisms make it likely that polymorphisms in other genes influence the overall inflammatory phenotype. Composite genotype profiles of the IL-1 gene family are associated with increased risk for either severe periodontal infection (profile 1) or angiographically confirmed coronary atherosclerosis (profile 2). 21 Similar interactions between the IL-1ra and IL-1␣ genotypes have been observed in ischemic stroke. 22 Variations in IL1RN and other related genes may have other effects such as lowering the threshold for susceptibility for ischemic stroke. 23 Chlamydial infection may confer greater risk for symptomatic atherosclerotic disease among carriers of IL1RN and IL1B gene mutations out of proportion to the risk conferred by either these mutations or the infection alone; 24 not all data support this association. 25 Our results contrast with those reported in an earlier Italian study that found a higher frequency of both carriage of the IL1RN*1 allele and homozygosity for IL1RN*1 among stroke survivors than in a control group. 26 However, the impact of survival bias must be considered. IL1RN*2 is associated with increased susceptibility to cerebral ischemia, 23 which may impact stroke severity and survival. Furthermore, the impact of IL1RN*2 in inflammatory response 3 may also affect stroke severity and survival. 27 Our association study may have yielded false-positive results because of the stratification of the study groups. Racial and ethnic differences in IL-1 gene family genotype distributions are well-recognized. 3 We are reassured that our findings are not an artifact of this stratification, because a significant association remained for IL1RN*2 homozygosity among white subjects in the race-stratified analysis. The failure to find a relationship in the nonwhite population likely reflects both a lack of statistical power to detect a difference and the difference in the allele frequencies noted. Furthermore, the nonwhite group is a heterogeneous mix of subjects. The differences observed in these racial categories should be viewed with caution. Further analyses in larger nonwhite and non-North American populations are warranted.
We found an association of IL1RN*2 with ischemic stroke generally not with specific stroke subtypes. Our previous work demonstrated an association between carotid atherosclerosis but not symptomatic status. 4 There are several important differences between these 2 studies. The current study included 93 individuals (21.5%) with large vessel atherosclerosis as the putative mechanism of stroke among a total of 432 individuals with subtyping data with a corresponding reduction in power. Furthermore, we compared cases with and without large vessel atherosclerosis. An association of IL1RN*2 with large vessel atherosclerosis may have been more difficult to detect in this case-only analysis. Similarly, the case-control analysis did not identify subtypespecific associations. In this study, the control population was clinically free of stroke, whereas the earlier study used a stroke-free control group with ultrasound verification of disease-free status. Genetic variation at the IL1RN may play Ͼ1 role in the progression of cerebrovascular atherosclerosis to a symptomatic state.
Clearly, IL1RN has potential as a pharmacological target. 28 A phase 2 trial of recombinant human IL-1ra (rhIL-1ra) recently demonstrated IL-1ra is safe and well-tolerated in patients with acute stroke. 29 Furthermore, active treatment was associated with a less inflammatory serum profile. Exploratory analyses suggest improved outcome for those treated with rhIL-1ra. Unfortunately, the report does not include an analysis of outcome by IL1RN genotype. This kind of pharmacogenomic consideration is prudent given that carriage of IL1RN*2 is associated with both increased risk of hemorrhage and better clinical outcome in other neurologic diseases. 30 Further research into this potential treatment is planned.
